Introduction
During the last 5 years three members of the high mobility group proteins i.e. HMGA1a, HMGA1b, and HMGA2 were gathering increasing interest of molecular oncologists because of their oncogenic potential. As to their genes, HMGA1 is coding for two alternative splice products HMGA1a and HMGA1b (Friedmann et al., 1993) whereas the related HMGA2 encodes a dierent protein (Man®oletti et al., 1991) . All HMGA proteins contain three DNA-binding domains designated as AT-hooks enabling their binding to the minor groove of AT-rich DNA (for review see Bustin and Reeves, 1996) . This DNAbinding by HMGA proteins leads to a conformational change in DNA modulating the environment for the binding of transcription factors.
Whereas HMGA2 is almost exclusively expressed in proliferating undierentiated cells during embryogenesis and in benign and malignant tumors, HMGA1 can also be detected at very low levels in dierentiated cells (Chiappetta et al., 1996; Zhou et al., 1995; Bussemakers et al., 1991; Abe et al., 2000) . An increased HMGA1 gene expression has been considered as a general diagnostic marker for neoplastic transformation (Goodwin et al., 1985; Giancotti et al., 1987 Giancotti et al., , 1989 and the metastatic potential of malignant neoplasms (Bussemakers et al., 1991; Tamimi et al., 1993; Chiappetta et al., 1995) .
Aberration of chromosomal regions 12q14-15 and 6p21.3 occurring in a variety of human benign tumors of mesenchymal origin including lipomas, uterine leiomyomas, pulmonary chondroid hamartomas, and endometrial polyps are known to aect the two genes of the high mobility group protein family i.e. HMGA1 and HMGA2 (Schoenmakers et al., 1995; Ashar et al., 1995; Kazmierczak et al., 1996a Kazmierczak et al., , 1998 Xiao et al., 1997) . In contrast to HMGA2 where numerous fusion genes have been reported (Schoenmakers et al., 1995; Ashar et al., 1995; Kazmierczak et al., 1996b) gene fusion of HMGA1 seems to be a very rare event because most of the chromosomal breaks aecting that gene are mapping to a 150 kb region 3' of the gene (Kazmierczak et al., 1998; unpublished results) .
Although the chromosomal breakpoints aecting HMGA1 are located predominantly in the 3'¯anking region of the gene numerous HMGA1 transcripts with a truncated 3' untranslated region (3'UTR) have been reported (Tkachenko et al., 1997; Kazmierczak et al., 1998) . These transcripts were supposed to originate from so far unknown mechanisms as a result of chromosomal rearrangements extragenic of HMGA1. As to HMGA2, truncated transcripts have also been reported (Geurts et al., 1997; KlotzbuÈ cher et al., 1999) . However, the occurrence of transcripts of both genes with truncated 3'UTR in tumors raises the question if there are elements in the 3'UTR of either HMGA1 or HMGA2 that are responsible for a post-transcriptional regulation of their expression and if a deletion of these elements as a result of chromosomal aberrations is of functional relevance in terms of tumorigenesis.
There are two ®ndings suggesting post-transcriptional processes regulating the expression of either HMGA1 or HMGA2: Firstly, Ayoubi et al. (1999) found an active HMGA2 promoter in cells that do not express HMGA2, at Northern blot detection level, and secondly, an altered HMGA protein level is not always correlated with an increased amount of corresponding mRNA (KlotzbuÈ cher et al., 1999) .
To investigate whether or not the HMGA 3' untranslated regions are implicated in expressional control we ®rst performed sequence comparison between the HMGA 3'UTRs of dierent species to identify possible target sequences for RNA-binding proteins. This sequence analysis of the 3'UTRs of human, mouse and rat HMGA1 revealed an overall sequence homology of about 49%. Within these, four highly conserved regions exist with a sequence homology between 83 ± 96% ( Figure 1a ) with two of them (conserved regions 1 and 4) described earlier by Eckner and Birnstiel (1989) . Database searches with these four regions showed only a weak homology of conserved region number 4 (nt 9867 ± 9976) to a pyrimidine-rich element within the 3'UTR of alphaglobin. This element protects the alpha-globin mRNA from degradation through an unknown mechanism, by protecting it against erythroid cell speci®c destabilization (Russell et al., 1997) .
In contrast to HMGA1 the 3' untranslated region of HMGA2 contains 10 AUUUA sequence motives, eight of them described earlier by Geurts et al. (1997) that are thought to be involved in the destabilization and rapid degradation of mRNA. Furthermore, comparison between human and mouse HMGA2 3'UTR revealed a highly conserved 58 bp A/U-rich sequence that ends 13 bp upstream of the ®rst AUUUA element and a 39 bp G/C rich sequence of unknown function located at the beginning of the 3'UTR ( Figure 1b) .
To ®nd out if the dierent conserved regions and sequence motifs located within the 3'UTRs of HMGA1 and HMGA2 are involved in post-transcriptional processes in¯uencing expression, several deletion mutants of both 3'UTRs were cloned into 3' position of a luciferase reporter gene. The dierent constructs were then analysed in luciferase assays for their expressional activity. Analysis of the dierent HMGA1 3'UTR fragments showed that the 1343 bp wild type (wt) 3'UTR, when positioned 3' behind the reporter gene does not in¯uence post-transcriptional processes in a positive or negative way indicated by a 100% relative luciferase activity equal to that of the positive control (Figure 2a) . Deletion of parts of or entire conserved region 4 leads to a drop in luciferase activity of about 30% indicating that this region has a positive in¯uence on expression. The same holds true for the other conserved region (number 2) as its deletion also leads to a decrease of luciferase activity. In contrast to that, the regions number 1 and 3 are putative negatively regulating elements as its deletion leads to a 1.5-fold, respectively 19% increase in activity. Truncation of larger parts, extending region 1, leads to an increased expression exceeding that of the positive control as indicated by up to about 120% relative luciferase activity.
In contrast to HMGA1 the wild type 3'UTR of HMGA2 leads per se to a 12.7-fold decrease in luciferase activity relatively to that of the positive control (Figure 2b) . Deletion of about 593 bp of the 3' end of the 3'UTR further reduces the activity to 4.4% indicating weak positive regulatory elements within this region. From that point on further truncation of the 3' end lead to an increase in luciferase activity. The activity of the smallest fragment analysed in this series showed a relative luciferase activity of about 20.5% that is 2.6-fold higher than that of the wt HMGA2 3'UTR but still ®ve times lower than the positive control.
As demonstrated herein the results for HMGA1 indicate that its wild type 3'UTR does not in¯uence expression in a positive or negative way, while the presence of wt HMGA2 3'UTR leads per se to a 12.7-fold decrease in expression. This ®nding ®ts with the data from Ayoubi et al. (1999) , who described that the complete HMGA2 3'UTR is responsible for a 7 ± 15-fold lower luciferase activity. As HMGA2 belongs to the group of`delayed early response' genes that are known to be expressed at the beginning of embryogenesis (Lanahan et al., 1992) , most of these mRNAs have a very short half-life (Caput et al., 1986; Chen and Shyu, 1994) . Studies have shown that the short half-life of many`delayed early response' genes is linked to a number of AUUUA elements found in their 3'UTR (Malter, 1989) promoting rapid deadenylation and subsequent decay of mRNA (Decker and Parker, 1995) . This ®ndings may explain the results obtained for the HMGA2 3'UTR deletion mutants that a truncation of the 3'UTR coincident with a deletion of dierent AUUUA motives leads to an increase in luciferase activity, presumably due to an increase in mRNA stability. Furthermore, an insertion of an A/Urich element 20 ± 30 bp in front of a AUUUA cluster as we found for the 3'UTR of HMGA2, can further increase the destabilizing eect of the AUUUA motif (Xu et al., 1997) explaining the increased luciferase activity when deleting this element. Although, when deleting all the destabilizing AUUUA elements and the A/U-rich element the remaining fragment (485 bp) still has an activity that is ®vefold lower than the positive control. This eect could probably be linked to the conserved 39 bp G/C rich sequence of unknown function located at the beginning of the 3'UTR of HMGA2.
In contrast to HMGA2, the 3'UTR of HMGA1 did not show any known functional elements, but we were able to detect regions of positive (nt 1 ± 906, conserved regions 2 and 4) and negative (conserved regions 1 and 3) eect on expression. So far only little is known about regulatory elements within the 3' untranslated region of genes. But putatively the dierent HMGA1 3'UTR regions may be involved in post-transcriptional processes regulating the expression of HMGA1. Conceivably they can promote degradation similar to the elements within the 3'UTR of HMGA2 or they can provide target sites for RNA-binding proteins that activate (Fajardo et al., 1997) or inhibit (Izquierdo and Cuezva, 1997) translation. But further experiments will have to be done to ®nd out more about the function of the putative regulatory elements within the 3'UTR of both HMGA genes.
Summarizing we can say that the expression of HMGA2 is post-transcriptionally regulated by negative regulatory elements being located within the 3'UTR and that truncations of this 3'UTR as it is found in all transcripts, are leading to an increased activity of the gene. And as to HMGA2 the truncation of the 3' untranslated region of HMGA1 also lead to an increased activity of the gene.
All studies so far indicate that the normal eects of HMGA proteins and their pathological function are dose-dependent. For example, the onset of transcription in one-cell mouse embryos depends on the amount of HMGA1a, probably due to a competitive displacement of histone H1 or other general repressors, making chromatin regions accessible to the transcription machinery (Beaujean et al., 2000) . In addition, only transgenic mice expressing high levels of truncated HMGA2 lacking the acidic C-tail showed an increased adiposity and a giant phenotype (Battista et al., 1999) . Thus, aberrations of HMGA genes aecting the 3'UTR as found in all aberrant transcripts and analysed in this work, are sucient to induce an increase in expression beyond normal activity. Furthermore, tumors that showed in Northern blot transcripts of apparently normal length can have basepair deletions or exchanges at sensitive sites leading to increased expression patterns.
Nevertheless, this is the ®rst experiment ever that showed that a truncation of the 3'UTR of either HMGA1 or HMGA2 could indeed be responsible for their aberrant expression probably due to altered posttranscriptional processes, leading to the conclusion that the 3'UTR truncations are of more pathological relevance than expected so far.
Material and methods

PCR amplification of 3'UTR elements
For the ampli®cation of HMGA1 3'UTR fragments the upper EcoRI linker-primer 5'-GGAATTCCCCATGCGTGCCGC-CTGC-3' (nt 8635 ± 8652 of HMGA1) was used in combination with the following lower XbaI linker-primer to establish fragments of dierent length: 5'-GCTCTAGACAGAAAAG-GATATTTTTTTTATTCAAG-3' (nt 9977 ± 9951), 5'-GCT-CTAGACAAGTAACTGCAAATAGGAAACC-3' (nt 9954 ± 9932), 5'-GCTCTAGAGGGCCCCCTTGCTCACTC-3' (nt 9838 ± 9821), 5'-GCTCTAGAGAGGATGAACATTTGGC-GCTG-3' (nt 9683 ± 9663), 5'-GCTCTAGAAAAAAACAA-CACAACTGTCCAGAG-3' (nt 9619 ± 9596), 5'-GCTCTA-GAAGGAGGGGGGTTGGGAGCG-3' (nt 9540 ± 9522), 5'-GCTCTAGACCCCTCCTGCCTTCCTGTAG-3' (nt 9286 ± 9268), 5'-GCTCTAGAAGTGGGGACGCAGCAGGTG-3' (nt 8960 ± 8941), 5'-GCTCTAGAGTCCAGTCCCAGAAG-GAAGC-3' (nt 8689 ± 8670).
Dierent HMGA2 3'UTR fragments were ampli®ed by using the EcoRI linker-primer 5'-GGA-ATTCGGGGCGCCAACGTTCGATTTC-3' (nt 1 ± 22 of HMGA2 3'UTR) in combination with the XbaI linker-primer 5'-GCTCTAGATTGATCTATTTTGACCAAACTTTATTAC-3' (2993 bp fragment, entire HMGA2 3'UTR). 5'-GCTCTA-GAATGAGCTGGCCAATGAGGTTTC-3' (2400 bp), 5'-GCTCTAG-AAAAGCAGGGCAAGAAGCATC-3' (1905 bp), 5'-GCTCTAGAGTGATGTGTAGTGTGATTGTGG-3' (1572 bp), 5'-GCTCTAGATTTCGCTCCTCCCACCTCA-TA-3' (955 bp), 5'-GCTCTAGACAGGGAGT-GGGTTGG-GGTGGTA-3' (485 bp).
PCR reactions for both 3'UTRs were performed in a Mastercycler gradient (Eppendorf, Hamburg, Germany) using the following protocol: 1 min 948C, 1 min 57 ± 628C, 2 min 728C635, 10 min 728C. As template dierent plasmids and PACs spanning the desired 3'UTR regions of HMGA1 or HMGA2 were used.
Construction of plasmids
For directed cloning of 3'UTR elements to the 3' end of the luciferase reporter-gene of pGL3-Control (Promega. Madison, WI, USA) the vector was modi®ed by inserting a CTAGTGAATTCCGGCT element into the XbaI restriction site downstream of the luciferase reporter-gene. Isolated PCR fragments were then cloned into the new EcoRI ± XbaI site of the modi®ed pGL3-Control vector. Plasmid DNA was isolated using the Plasmid Isolation Kit (QIAGEN, Hilden, Germany) following the instructions of the manufacturer.
Cell culture and luciferase assay
HeLa cells were cultured in medium TC199 supplemented with 20% fetal calf serum (FCS) and antibiotics (200 IU/ml penicillin, 200 mg/ml streptomycin). For transient transfections HeLa cells were seeded on six-well plates. DNA of the dierent constructs, pGL3-Control (positive control), and pGL3-Enhancer (negative control) were each co-transfected with pRL-TK (Promega, Madison, WI, USA) expressing a Renilla luciferase serving as an internal control value to which the experimental data were normalized. Transfection was performed using SuperFect transfection reagent (Qiagen, Hilden, Germany) following the instructions of the manufacturer. After 24 h Luciferase activities was measured in a luminometer, (Biocounter M2010, Lumac BV, Netherlands) using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) following the instructions of the manufacturer.
Experiments for each construct were performed in triplicate and were repeated several times.
